One-dimensional magnetic nanowires have been introduced into polydimethylsiloxane ͑PDMS͒ to form polymer based nanocomposites. In contrast to the conventional nanofillers such as carbon nanotubes, carbon nanofibers, nanoparticles, and layer-structured materials, these well-defined anisotropic metallic nanowires are highly conductive and have much weaker van der Waals interactions. Moreover, composition modulation can be introduced along the wire axis to achieve multifunctionalities. Incorporation of magnetic segment͑s͒ to the nanowire makes it possible to use external magnetic field to manipulate the distribution and alignment of nanowires when they are suspended in liquids. To characterize the mechanical responses of the nanowire-elastomer composite, an approach using microscale rulers has been developed to improve the resolution of strain measurement. Mechanical strengthening effects in PDMS composites with randomly and aligned nickel nanowires have been investigated.
I. INTRODUCTION
Composite materials can take advantage of the properties of both constituents: the polymer matrix and the filler. For example, polymer composites containing continuous microcarbon fiber ͑diameter between 5 and 10 m͒ can have greatly improved mechanical ͑Young's modulus, strength, fracture toughness, fatigue resistance, delaminating resistance, and impact strength͒, transport ͑electrical conductivity and thermal conductivity͒, flame retardancy, and barrier properties over pure polymeric materials.
1 In addition to the traditional military and aerospace usage, these composites have found extensive applications in commercial aircrafts, industrial structures such as wind blades and pressure vessels, and sports and leisure equipments. After the discovery of C 60 and carbon nanotubes in the 1980s and 1990s, respectively, tremendous efforts have been devoted to explore the science and engineering applications of nanostructured carbon materials, 2,3 yet the cost and handling of carbon nanotubes still remain as the major bottlenecks affecting the application reproducibility and reliability. This becomes the motivation to explore the possibility of fabrication of polymer composites with one-dimensional magnetic nanowires as fillers. In addition to the excellent mechanical, thermal, and electrical properties, the magnetic response of the nanowires can be easily controlled by demagnetizing and magnetizing processes. By controlling the wire-wire and wire-field interactions, nanowire distribution and alignment can be efficiently manipulated in liquids for anisotropic polymer composite fabrication.
II. EXPERIMENT AND RESULTS
Nickel ͑Ni͒ nanowires used in this study were freshly fabricated by template assisted electrodeposition. Electrochemical synthesis provides a low-cost, easy to scale up, and room temperature approach to produce a large number of nanowires simultaneously. 4, 5 The electrodeposited nanowires can have controlled sizes and composition. More importantly, composition modulation can be introduced along the wire axis for surface multifunctionalization. 6, 7 Polydimethylsiloxane ͑PDMS͒ has been chosen as the polymer matrix in this study. It has been extensively used in nanoscale soft-lithography, packaging, biomedical devices, and implantations. 8, 9 The chemical formula of PDMS is ͓-Si͑CH 3 ͒ 2 O-͔ n and it maintains a rubbery and amorphous structure at room temperature ͑T g =−123°C͒. PDMS can sustain large elastic deformation with low Young's modulus and tensile strength. As a typical elastomer, molecular weights or cross-linking densities can greatly influence the mechanical properties of neat PDMS. Most of the recent studies used Dow Corning Sylgard 184 PDMS, yet large discrepancies exist in the reported Young's modulus values 8,10-13 ͑Table I͒. Except for the differences in molecular weights, curing conditions, and different mechanical measurement approaches which contribute to the variations of reported results, another source of the discrepancy comes from the fact that for an elastomer such as PDMS, there only exists a small linear stress-strain region and an overall nonlinear stress-strain behavior is often observed. Most of the literature gave only the values of Young's modulus without mentioning the measurement range. Therefore, it is critical to measure strains with high resolution and also specify the a͒ Electronic mail: lsun4@uh.edu. 15 Brillouin and Raman scatterings, 16 eddy current displacement measurement, 17 and digital image correlation analysis based on atomic force microscopy ͑AFM͒ surface topography images 18 have been developed. Yet these methods cannot be effectively implemented to polymeric materials. In this paper, we report on the use of transmission electron microscopy ͑TEM͒ grid as a reference to improve strain measurement under optical microscope. The deformation between two markers larger than the field of view can be determined. This is a simple and unique approach compared to other reported techniques. This microtensile test has been applied to characterize pure PDMS matrix as well as the mechanical strengthening effects of the nanowires in composites.
To alter the mechanical properties of neat polymers, nanosize fillers including carbon black, zeolite, and silica nanoparticles have been introduced to form nanocomposites. [19] [20] [21] [22] [23] Recently, synthesis of PDMS composites using magnetic nanoparticles and nanowires has also been reported. [24] [25] [26] Commercially available nanoporous alumina templates ͑Anodisc, Whatman Inc.͒ were used for the electrodeposition of Ni nanowires. The length of the nanowires was controlled by the deposition time/charge. After dissolving the alumina template in NaOH solution, nanowires were collected by centrifugation and then dried after washing in distilled water. The nanowire size was characterized by scanning electron microscopy ͑SEM͒ and AFM. The nanowires used in this study have an average diameter of 250 nm and a length of 40 m ͓Fig. 1͑a͔͒.The nanowires in this study were freshly fabricated and more experimental details can be found elsewhere. 27 In the experiment, the base and the curing agent of Sylgard 184 from Dow Corning were mixed in a 10:1 volume ratio. The mixture was poured into molds or spin coated to achieve the desired thickness. For composites, Ni nanowires were mixed with the PDMS using mechanical stirring and ultrasonicating. The mixture was then spin coated on a flat substrate to achieve the desired thickness. During the PDMS curing process, the multiple reaction sites on both the base and cross-linking agents allow for three-dimensional crosslinking. Curing was evidenced by gradual increase in viscosity, followed by a gelation process, and finally solidification occurs. The samples were then placed in vacuum and external magnetic field generated from a pair of Helmholtz coils for the control of the nanowire alignment. For mechanical measurements, cured samples were cut with a custom fabricated ASTM D412 die cut. Figure 1͑b͒ shows a typical dogbone shape PDMS sample for mechanical testing. The central portion of the sample has dimensions of 1.27 cm in length and 0.32 cm in width. Figure 2 shows the microtensile machine developed for measuring small strains and stresses. The tensile tester is equipped with a 25 lb. load cell ͑Transducer Techniques͒ having an accuracy of 0.05% for load measurement. The PDMS sample was driven by a computer controlled picomotor ͑New Focus, Inc.͒. No closed-loop control is utilized for the picomotor. One set of x-y-z translation stages was used for sample positioning. The entire setup was placed under an optical microscope connected to a charge coupled device camera. Before measurements, two ends of each sample were fixed on the microtensile machine by UV-cured epoxy and sample alignment was performed using the x , y , z stages. For a typical measurement, the sample displacement was driven by the picomotor in steps of 0.05 mm at a rate of 0.005 mm/s.
Conventional picture analysis can be used to measure the local deformation ͑strain͒ between two markers on the images of samples. However, the smallest resolvable strain using this approach is around 0.02 and this resolution is independent of microscope magnification. Choosing a higher magnification will not improve the strain resolution. This is because with higher magnification, smaller deformation can be resolved, but the separation between the two markers has to be reduced due to the decrease in field of view. To improve the strain resolution, one needs to be able to measure small deformation for two points with large separation.
Different from the conventional strain measurement method of using single image analyses, higher strain resolution was achieved in this study by using a "grid ruler." In this approach, deformation between two fixed marker points with their separation exceeding the field of view can be measured independent of field of view. Here, the strain resolution depends on the smallest resolvable deformation. Choosing higher microscope magnification and larger initial marker separation can improve strain resolution. In our experiment, a 200 mesh copper TEM grid ͑Ted Pella, Inc.͒ was used. Figure 3͑a͒ shows the 50ϫ optical micrograph of the TEM grid. This grid has been covered by a layer of holey carbon film with perforated holes. The square carbon pattern has a 9 ϫ 9 m 2 period with a bar thickness of 2 m. The grid was fixed on an x-y-z stage. Figures 3͑b͒ and 3͑c͒ show the schematics of the experimental procedure for measuring strain. The positions of markers corresponding to the grid were recorded and thus the initial separation between the markers was measured. After deformation, separate images of the two markers were taken. With the grid as reference, the deformation can be determined from the respective displacement of the two markers. By using the 500ϫ magnification, we can resolve a deformation of 2.0 m. For the reported experiments, the marker separation was about 2.0 mm. A strain resolution of 0.001 has been achieved. Theoretically, the resolution of strain measurement can be further improved by using a higher magnification and/or by choosing markers with larger separation. In addition, unlevered marker points have been used to provide information on the deformation perpendicular to the stress direction so that the Poisson ratio of the samples can be evaluated.
During tensile test, the load data were analyzed with respect to the corresponding images to construct stress-strain curves. A typical composite sample is shown in Fig. 1͑c͒ . Nanowires were aligned in different orientations using external field ͑4 ϫ 10 −4 T͒. The rotation of nanowires is dominated by the torque generated by the magnetic driving field and the liquid viscous drag. 28 Mechanical strengthening effects of composites as a function of weight fraction of nanowires were evaluated by tensile testing.
A representative stress-strain curve of pure PDMS sample cured at room temperature is shown in Fig. 4͑a͒ . The identical loading and unloading curves confirm the elastic behavior of PDMS up to the fracture point. Three measurements were taken and average values were shown. The standard deviation is smaller than the size of the symbols. It can be observed that a linear stress-strain behavior exists only in the low strain range. In the nonlinear region the slope of the stress-strain curve decreases and then it starts increasing at higher strains. High resolution strain measurement is shown in the inset of Fig. 4͑a͒ . Due to this nonlinear behavior, the value of secant Young's modulus depends on the strain that is being measured. In our experiments, the secant modulus at a strain of 0.05 is used for all measurements. For this sample, the Young's modulus is determined to be 1.64 MPa.
Another source for scattering in Young's modulus data in the literature comes from the fact that the mechanical responses of PDMS are very sensitive to curing conditions ͑temperature and time͒. In most of the reports, PDMS is considered to be fully cured after 48 h at room temperature. Our study showed that Young's modulus of PDMS becomes saturated after 10 days. After 48 h, the measured Young's modulus can only reach 70% of the saturated value. Figure  4͑b͒ demonstrates the effect of curing temperature. Sample 1 was cured at room temperature for 10 days, sample 2 was cured at 100°C for 1 day, and sample 3 was cured at room temperature for 10 days and then heated to 180°C for 30 min. Increasing curing temperature can efficiently shorten curing time. Higher temperature not only accelerated the cross-linking reaction rate but also increased the extent of cross-linking which resulted in a higher value of Young's modulus. Secant Young's moduli measured at 0.05 strain for samples 1, 2, and 3 are determined to be 1.64, 2.46, and 3.2 MPa, respectively. The fact that PDMS still exhibits good elastic behavior after heat treatment at 180°C indicates that PDMS can survive conventional thin film deposition and lithography processes. Table II summarizes the mechanical properties of a pure PDMS sample cured at room temperature for 10 days.
Mechanical properties of PDMS-Ni composite samples cured at room temperature are reported here. Samples 4 and 5 contain randomly oriented nanowires but with different nanowire weight percentages of 0.42% and 0.15%, respectively. In contrast, sample 6 contains 0.24 wt % nanowires that are aligned along the loading direction. Figure 4͑d͒ shows an optical image of an aligned sample 6. Here the wires are aligned by static magnetic field with strength of 4.62 G. Figure 4͑c͒ illustrates the stress-strain curves for the three samples. Young's modulus values for samples 4, 5, and 6 are determined to be 2.23, 1.7, and 2.1 MPa at 0.05 strain, respectively. Table III summarizes the representative elastic modulus data measured for the six samples.
Comparison between samples 4 and 5 shows that Young's modulus increases with increase in nanowire weight fraction. Even though sample 6 has 40% less Ni nanowires than sample 4, the longitudinal ordering causes the sample to have comparable modulus as the randomly oriented sample with a high concentration of nanowires. This reflects the effect of nanowire alignment. According to the Halpin-Tsai relation, 29 the strengthening effect is directly related to the weight fraction and alignment of the nanowires. If we increase the weight fraction of the nanowires, great improvement in composite modulus is expected. It should be noted that the introduction of nanowires lowers the composite's ductility. This commonly observed phenomenon in composites can be attributed to the increased tendency of crack and void formation as the concentration of nanowires increases. Also the surface debonding will occur at small strain. It should be noted that the sample with longitudinally aligned nanowire ͑sample 6͒ shows higher ductility than the randomly aligned samples ͑4 and 5͒.
Poisson's ratios during the tensile tests were determined for all samples. Figure 4͑e͒ shows the transverse strain as a function of longitudinal strain determined from a pair of un- Interface bonding between PDMS and the Ni surface will dominate the mechanical properties of composites. The topography of a fractured composite surface was studied by SEM. Figures 5͑a͒ and 5͑b͒ show the fractured surface of sample 4 at low and high magnifications. It can be seen that the fractured surface contains randomly distributed Ni nanowires that have been pulled out. The nanowires are well dispersed without agglomeration. Higher resolution image shows that the surfaces of pulled-out nanowires were covered with a 100 nm thick polymer sheath. This demonstrates a strong interface bonding between the PDMS and the Ni nanowires.
III. CONCLUSION
In summary, metallic nanowires have been introduced to PDMS matrix for composite development. When magnetic nanowires are used, their distribution and alignment can be efficiently manipulated by external magnetic field to obtain anisotropic nanocomposites. Initial elastic modulus increase has been observed for the nanowire composite material, yet the ductility and tensile strength could be significantly affected by the nanowire concentration and processing procedures. Higher nanofiller volume percentage increases the tendency of crack and void formation but on the other hand, the fillers can also stop or hinder crack propagation. Both improved strength and ductility in carbon nanotube reinforced PDMS has been reported by Dyke and Tour. 30 In addition to the reinforced mechanical behavior, polymer-nanowire composites can have improved electric/thermal conductivity, magnetic responses, and multifunctionalities. These composites can find applications in structural components, protective coatings, electromagnetic wave shielding materials, and sensor development. 
